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Abstract

This paper addresses the Plasma Interaction Test per-

formed on two Space Station solar array panels. This

includes a discussion of the test requirements, test

plan, experimental set-up and test resutts. It was

found that parasitic current collection was insignificant

(0.3% of the solar array delivered power.) The meas-

ured arcing threshold ranged from -210 to -457 Volts

with respect to the plasma potential. Furthermore,

the dynamic response of the panels showed the panels

time constant to range between 1 and 5 rts, and the

panels capacitance to be between .01 and .02 IsF.

Introduction

NASA-Lewis Research Center is responsible for pro-

viding the power on the Space Station Freedom. The

initial power system of the space station consists of

four Photovoltaic (PV) Power Modules capable of

delivering 75 KW of conditioned power to the users.

The PV power module baseline design (Fig. 1) con-

sists of two flexible-deployable solar array assemblies

for power generation, batteries for energy storage, a

thermal control system for the thermal conditioning of

the batteries and power conversion devices, two rota-

tional 13gimbals for solar pointing during the seasonal

variations and the truss structure which provides the

structural support. 1

The LEO Space Environment

The Space Station Freedom will be operating in the

Low Earth Orbital (LEO) environment at altitudes of
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180 to 250 miles. The natural LEO environment con-

sists of residual neutral species, ionized species which

constitute the plasma environment, radiation,

micrometeoroid and orbital debris, and ionizing radia-

tion. The components of the natural environment

present a wide variety of interactions with the Space

Station Freedom and its operating power system. The

near equatorial orbit plasma environment consists of

plasma density that ranges from - 10 s ions/cm 3 during

the sunshade period to - 108 ions/cm 3 during the sun-

light period of the orbit. The polar plasma environ-

ment is comprised of lower charged particle density,

and exhibits energetic auroral electron flux which

could be responsible for charging of surfaces. 2

Test Obiectives

Due to the concern of the possible plasma effects on

the solar array operating voltage and the interactions

between the solar array of the PV module and the

plasma environment in the near equatorial and polar

orbits, the PV Plasma Interaction Test (PVPIT) was

planned in order to 1) evaluate the effect of the

plasma environment on the operating voltage of the

array, 2) determine the arcing potential for different

plasma densities, 3) determine the effect of the para-

sitic currents collected on the panels' performance, 4)

determine the effect of auroral electron surface charg-

ing on the array, 5) measure the potential difference

generated by the panel pair during the out-of-eclipse

thermal transient, and 6) determine the dynamic re-

sponse of the panels due to capacitance coupling with

the plasma sheath.



Description Of The Test Article

The test article consists of two active solar array panels

in series. As shown in Fig. 2, each panel contains 200

active 8x8 cm silicon solar cells for voltage and cur-

rent generation, flexible substrate which contains the

copper photo-etched interconnecting circuit, graphite

epoxy-aluminum wrapped stiffeners for additional

structural stability, aluminized hinges, and power

leads. The two panels are hinged together by a hinge

pin, are electrically connected in series and are capa-

ble of producing a maximum power voltage of ap-

proximately 170 V and current of 0.9 amperes under

reduced illumination of 0.3 sun (- 2.6 amperes at full

sun illumination.) Fig. 3 illustrates an I-V curve for

the two panels measured inside the vacuum tank.

Test Reouirements

The test requirements given to the designers of the

PVPIT test set up (Operation and Special Project Di-

vision) included four sets of requirements. The first

consisted of requirements for the sample physical con-

figuration and power accommodation, requirements

for mounting and handling of the two solar array pan-

els, requirements for outgassing directed toward en-

suring clean vacuum environment during testing, and

thermal requirements to ensure that the operating

temperature of the cells did not exceed 40 0C during

testing. The second consisted of requirements for

plasma environment simulation for near equatorial

and polar orbits, and solar flux simulation require-

ments which require up to 0.3 sun intensity. The third

included requirements for data collection capabilities

which in turn included provisions for I-V characteris-

tics and plasma diagnostics measurements, current,

vohage and temperature measurements, requirements

for panels loading and bias power, requirements for

performance of a small scale plasma interaction test in

order to verify the performance of the test equipment,

and finally requirements for an out-of-eclipse simula-

tion test in order to measure the higher voltage gener-

ated by the panels on entering the sunlight period of

the orbit. The fourth included requirements for test

hardware used to determine the dynamic response of

the array panels.

Test Plan

The PVPIT test plan consists of 7 major tests. The

first, Plasma Characterization test which uses Kap-

ton®* dummy panels is directed toward the overall

system checkout. The second, Small scale Plasma

Interaction Test, is aimed toward testing 12 cell string

in the plasma and auroral electron flux environment

in order to verify the adequacy of the testing proce-

dures planned for the full scale panels without risking

them. Preliminary parasitic current collection, arcing

threshold potential and charging measurements are

made in this test at density levels of 102, 104, 10e ions/

cm 3. The third test is primarily for Parasitic Current

Collection Measurements using the full scale panels

at five densities ranging from 102 to 106 ion/cm 3. The

fourth test consists of Arcing Potential Threshold

Measurements as a function of the plasma density for

the same range as the parasitic current collection test.

The fifth test consists of the Measurement of the Ef-

fect Of Charging on the panels at two plasma densi-

ties of 102 and 103 ions/cm 3. Electron flux is simu-

lated m this test by electron guns that are capable of

irradiating a portion of the two panels. These electron

guns are monoenergetic (up to 10 KeV electron

beam) and capable of generating electron flux on the

order of nanoamps/cm 2. The sixth test comprises the

Out-of-eclipse Simulation that is directed toward

measuring the transient high potential generated by

the sudden solar energy load on the solar cells. The

plasma densities for this test are 102 and 106 ions/cm 3.

The seventh test is directed towards determining the

Dynamic Response of the panels to switching loads

and how it may be affected by the plasma sheath.

Prior to the third test and after each of the following

tests, the I-V characteristics curve will be measured

for the two panels in order to detect any degradation

of performance due to any of the four tests that are

planned for the full size panels.

Test Confiouration

The test equipment within the vacuum tank shown in

Fig. 4 consists of the structural cage that supports the

different systems used for sunlight simulation, plasma

density, electron fluence, and required thermal envi-

ronment. The light intensity of .3 sun is generated by

the light bank of 252 low voltage lamps. The lamps

were configured into 3 independent strings in order to

provide independent adjustment to produce the de-

sired light intensity and maintain a +/- 10% variation

* Registered Trademark of E. I. DuPont de
Nemours and Co., Inc.
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in intensityoveranareaof approximately14ft by2.5
ft.

Twotypesof plasmasourceswereusedto generate
plasmaat low and highdensities.Six hot filament
plasmasourcesweremountedthroughoutthesupport-
ingcagestructure. As Argongasis passedoverthe
hot filamentin thechamber,electronsemittedbythe
filamentcollidewiththeArgonneutralatomsandcre-
atethe plasma.To increasetheprobabilityof colli-
sion,uniformmagneticfieldsareusedto lengthenthe
electronpathbeforeimpingingon theanode.These
sourceswereusedto generateplasmaat densitiesbe-
tween102and 104ions/cma. Thehighdensity(10sto
l0s ions/cma) plasma was generated by a single hollow

cathode device located at one end of the vacuum

tank. Argon is passed through a tube at high tempera-

ture thereby inducing a catalytic reaction which gener-

ates the plasma. The plasma density was determined

by measuring the current-voltage profile obtained

from II spherical Langmuir probes mounted about

the cage. The voltage to each probe was applied

through a pre-programmed range and the resulting

current was measured. From the crossover point of

the I-V curves, electron and ion temperatures and

plasma density were determined. The auroral elec-

tron flux for the charging experiment was produced by
four electron filament sources mounted above the PV

test article, two facing each side of tile panels. The

electrons are electrostatically accelerated and ejected
from the source.

Real time voltage and current data were recorded out-

side the tank by the data acquisition system along with

arcs generated during the experiments. Additionally,

real time temperature data of the cold wall and the

test article were recorded. Voltage at the terminals of

the panels was measured by two independent means.

Two non-contacting Trek probes were used to meas-

ure the voltage. These voltages, in turn, were com-

pared to voltages obtained via meters attached to the

panel terminals through connections to the bias volt-

age supply.

For tile dynamic response test, circuitry was added to

simulate the sequential shunt unit (SSU) to be em-

ployed for regulating the DC bus voltage on Space Sta-

tion Freedom. The DC bus voltage is regulated by

shorting out panels in excess of station power needs

using a power MOSFET switch in the SSU that oper-

ates at 20kHz with pulse width modulation control ca-

pability. Knowing the dynamic response characteris-

tics of the panels is important for design purposes.

Test Results

During the Plasma Characterization Test, the afore-

mentioned 5 plasma densities were generated, elec-

tron guns were run, the cold wall system was success-

fully operated, and the data acquisition system was op-

erated with monitoring thermocouples on the dummy

panels and the Langmuir probes installed on the struc-

tural cage. Vacuum of 10 -6 torr was achieved and

maintained. At lower plasma densities, the spatial

variation in plasma density did not exceed half an or-

der of magnitude. At the highest density, nominally

l0 s ions/cm a, the variation measured approximately a

factor of ten between each end of tile panel. The

Small Scale Plasma Interactlon Test was performed.
Results from this test showed that the measured cur-

rent collection was on the order of milliAmps at 170V

at a density level of l06 ions/cm a. The results also

showed that arcing did not occur even at significantly

higher negative potentials than the plasma reference.

Results from the Parasitic Current Collection Test of

the full scale panels, depicted in Fig. 5, showed that

the ion currents collected from the plasma increase

with the plasma density when the positive terminal of

the two panel circuit was grounded. The results also

showed that the collected electron current increased

with the plasma density when the negative terminal of

the panel circuit was grounded leaving the positive ter-

minal at - 170 V potential above the plasma ground.

If it is assumed that all the parasitic currents are col-

lected at the most negative cell (for ion currents) or

the most positive cell (for electron currents), then a

worst case computation of parasitic power loss is less

than 25W per photovohaic wing, or less than .3% of

the total power provided by each wing.

Arcing Potential Threshold was measured at three

density levels and was shown to range between -210

and -457 V as measured at the negative terminal of

the panel circuit. Tile results are shown in Table I.

These measurements were made under illuminated

conditions when the array panels were operating at

their maximum power point of approximately 176V.

The panels were then biased negatively with respect to

plasma potential until arcs were recorded. The volt-

age transients associated with the arcs were in the 1 to



4 V rangeandon the order of microseconds in dura-

tion. The transients indicated the change in the posi-

tive or negative terminal with respect to ground. A

linear relationship did not appear to exist between the

arcing onset potential and the plasma density. Charg-

ing effects were not detected. Varying the electron

flux and the electron energy did not result in measur-

able effects on the array terminal voltages, either

steady-state or as transients. Table II displays the re-

sults of the Out-Of-Eclipse Simulation Test which

was intended to measure the potential differences gen-

erated by the sudden thermal transient when the array

enters the sunlight portion of the orbit. No effect

from the plasma was seen on the voltages measured.

The predicted Voc for a 400 cell panel pair operating

at 1 sun intensity at the experimental temperature is

294 V. 3 The voltage is then adjusted for the 70%

reduction in sunlight intensity present during the ex-

periment to yield 285 V. A difference of 9% then

exists between predicted Voc and that obtained ex-

perimentally. This difference arises from the use of
non-current matched solar cells in the test article and

from error in adjusting the voltage for a reduction in

sunlight intensity.

The Dynamic Response Test showed that the solar

cell panels exhibited a time constant that ranged from

I to 5 microsecond (as measured from typical volt-

age-time response curve shown in Fig. 6) due to a

step change in loads, i.e. 220 ohms (maximum power

load) to 110 ohms. Tests indicate the array panel ca-

pacitance is about 0.01 to 0.02 microfarads and that it

is not affected by the plasma sheath at up to 10 e ions/

cm 3 density. (For 1 sun illumination the response

would be about three times faster because of the

higher current output of the solar cells.) In addition,

as shown in tabIe III, there was no noticeable change

in the dynamic response for positive or negative

grounding or floating array conditions.

Flash tests were conducted following each series of

tests. The I-V characteristics of the array panels did

not change as a result of the plasma exposure, within

the measurement error of the flash testing system, +/-

3%. Table IV presents Voc, Isc, and Pmax following

each test.

Concludin 0 Remarks

This paper presented the requirements, test plan and
the results of the PV Plasma Interaction Test which

was conducted to determine the plasma effects on so-

lar array operating characteristics. Results of this test-

ing indicate that insignificant parasitic power loss is ex-

pected when Space Station Freedom's solar arrays are

operating at nominal voltage. Also it was found that

arcing is not expected at an operating voltage of

160V. Addtionally, no power degradation was experi-

enced by the solar array panels as a result of operating

in a plasma environment. During Phase C/D of the

Space Station Program further plasma testing will be

performed on solar array panels which will most

closely resemble actual flight hardware.
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Parasitic Current Collected by Photovoltaic Panels Operating at Maximum Power
Point (V = 176V) as a Function of Plasma Density
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Figure 5. Results of Parasitic Current Collection Tests

Plasma Density
ions/cm3

1.74x104 to 1.22x105

Arcing Onset Potential
V

-457

9.07x104 to 4.64x105 -210

1.72x108 to 9.73x10fi -245

Table I. Arcing Threshold Potential Measurements

Plasma Density
ions/cm3

7.67x102 to 7.76x103

2.12x106 to 1.21x107

Array Open Circuit
Voltage V

261

262

Array Load
Voltage V

211

213

Table II. Results from the Out-of-Eclipse Simulation Testing
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stant

Measurement Condltion _._

A) Floating

B) Floating with .02 I.tF added

C) + Side grounded

D) + Side grounded with .02 pF added

E) - Side grounded

During Voltage

Rise Ors)

1.5

3.3

2.0

4.0

2.5

During Voltage

Fall (_ts)

Not recorded

Not recorded

2.0

3.0

1.8

F) - Side grounded with .02 _F added Not recorded Not recorded

Table III. Results of Time Constant Measurements Made During the Dynamic

Response Testing.



Test Condition

Pre-Test

Post Parasitic

Current Col-

lection

Post Arcing

Post Out-of-Eclipse

Voc, V

Panel A Panel B

117.52 118.91

119.27 119.31

119.90 120.46

120.55 121.06

Isc, A

Panel A Panel B

2.548 2.518

,.,

2.457 2.464

2.606 2.590

2.637 2.608

Table IV. Flash Test Results for Array Panel-Pair

Pmax, W

Panel A Panel B

192.66 193.26

182.93 187.62

198.60 202.30

206.43 209.71
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